The impact of seasonal influenza has been under-appreciated in Asia and surveillance data lags in most other regions. The variety of influenza circulation patterns in Asialargely due to the range of climateshas also only recently been recognized and its effect on the burden of disease is not fully understood. Recent reports that clinical protection wanes in the weeks after influenza vaccination emphasize the importance of optimally timing vaccination to local epidemiology. It also raises questions as to whether influenza vaccines should be administered more frequently than annually and what may be the benefits in Asia of access to new vaccines with enhanced immunogenicity and effectiveness. This review will summarize influenza surveillance data from Asian countries over 2011-2018, and consider the implications for vaccination strategies in different parts of Asia.
Introduction
Pandemics and epidemics attributable to the influenza virus can be traced back through the historical record to the middle ages and perhaps antiquity. 1 The first reliably documented pandemic occurred in 1580 and is generally accepted to have emerged in Asia. 2 Two of the last three pandemics originated in Asia, as may have the 1918 'Spanish flu' 3 Human infections with the highly pathogenic avian influenza viruses A/H5N1 and A/H7N9 over the past 20 years indicate Asia is also the most likely source for the next one. 4 Understanding the burden from seasonal influenza in Asia and developing a regional vaccination policy needs to take into account its diversity. Asia is home to roughly 60% of the global population, including three of the world's most populous countries in China, India, and Indonesia. 5 Across Asia the rate of population growth has been slowing since 1990: families are having fewer children as infant mortality declines, but a larger proportion of the population is aged 65 years or older. However, economic development across the continent remains uneven, from wealthy globally connected cities to an estimated 400 million who still live in poverty. 6 Similarly, while the majority of Asia is situated in the Northern hemisphere, seasonal influenza patterns vary widely across the continent. This reflects the range of climates, from the equatorial South to an almost polar North. 7 Recent reports that clinical protection wanes in the weeks after influenza vaccination emphasize the importance of optimally timing vaccination to local epidemiology. 8 It also raises questions as to whether influenza vaccines should be administered more frequently than annually and what may be the benefits in Asia of access to new vaccines with enhanced immunogenicity and effectiveness.
We will review FluNet influenza surveillance data from Asian countries over 2011-2018 and describe seasonal patterns; discuss recent evidence for waning protection following vaccination; and consider the implications for vaccination strategies in different parts of Asia.
Influenza epidemiology in asia
Since 1997 country-level influenza surveillance data submitted by National Influenza Centers (NICs) has been available at the World Health Organization (WHO) FluNet web portal. 9 In response to the 2009 A/H1N1 pandemic, surveillance of seasonal influenza in Asia expanded considerably. By 2017-2018 data were available from 43 countries in Asia, covering 98% of the continent's population (Table 1) . Despite this broadening coverage, the amount of data available on a per capita basis in Asia continues to lag other continents except Africa. Coverage is also patchy, with proportionally less data available from South and South East Asia (0.46 and 0.86 influenza cases reported per 100,000 people, respectively).
While it has limitations, the breadth and depth of influenza surveillance data now available offers a clearer perspective of the worldwide pattern of seasonal influenza epidemics. As a result of this the WHO has classified global influenza circulation into 18 'transmission zones'geographical groupings of countries with similar climates where seasonal influenza transmission patterns are expected to be similar. Asia covers five transmission zones, more than any other continent except Africa, which also has five.
The timing of epidemics varies between these transmission zones, as does the number of outbreaks per year and the extent of inter-epidemic transmission. [10] [11] [12] Two key factors appear to determine the timing and intensity of an influenza
Climate and influenza in asia
Climate is largely a consequence of latitude, but is also influenced by terrain, altitude, and the presence of nearby large waterbodies. 13 FluNet data is available for 27 countries across the five Asian influenza transmission zones from 2011 to 2018, and over this period 760,012 infections were reported, of which 28.3% were influenza A/H1N1, 39.2% A/H3N2 and 32.5% B (Figure 1(a, b) ). Weekly reported influenza data for each country were analyzed using the EPIPOI program. 14 This software estimates the seasonality of disease outbreaks by Fourier decomposition of the time-series data.
A heat-map of the weekly number of influenza cases (type A and B combined) illustrates the change in influenza patterns with the transmission zone ( Figure 1(c) ). For countries in tropical/sub-tropical Southern and South-East Asia, influenza infections were reported throughout the year, with generally two outbreaks per year. The primary peak was estimated as between May and October for most of these countries, but was not synchronized (Figure 1(d) ).
For the Western, Central and Eastern transmission zones, influenza infections were largely confined to the winter season, with peaks between December and March. Outbreak timing within each zone was generally synchronized though there is some evidence of an East to West spread within the Western Asia transmission zone.
Analysis of the harmonic waves of influenza activity indicated there was a strong correlation between latitude and the amplitude of the primary influenza peak (r 2 = 0.66, p < .0001). This indicates an increasingly sharp contrast in the amount of influenza circulating between epidemic and non-epidemic periods with rising latitude. Conversely, there was an inverse correlation between latitude and the secondary influenza peakindicating larger secondary peaks of influenza activity at latitudes closer to the equator (r 2 = 0.49, p = .0001). The lack of important meta-data limits a more granular analysis of the data from FluNet. For example, there is wide variation both between countries in the amount of influenza surveillance data submittedbut within each country much is also unknown such as which patients are tested, how frequently testing occurs, in what parts of the country, and the source for data submitted to FluNet (e.g. clinical practice versus surveillance). The aggregation of surveillance data by country also obscures interpretation when countries have large population centers in different climates. This is most significant in Asia for China and India which have enormous populations, numerous mega-cities and cover diverse climates. Studies from within these countries support the overall trends described hereand highlights the importance of considering influenza circulation patterns on the basis of climate and local surveillance data rather than necessarily by country. 15, 16 Even in smaller countries, major population centers may occupy a different climate to the rest of the country, while seasonal labor migration routes also play a significant role in the timing of epidemics.
Differences in the epidemiology of influenza viruses are also evident, and outbreaks of different influenza types/ subtypes are not always synchronous. 7, 17 For example, influenza A/H3N2 has been reported to cause shorter but more intense and more frequent epidemics than influenza A/H1N1 and B/Yamagata, perhaps reflecting differences in the rate of antigenic drift. 18 The stability of the currently observed pattern may also be affected by climate change, and predictions that the climates across much of Asia will become warmer and wetter may have important implications for influenza virus activity. 19 
Burden of disease
As the epidemiology of influenza in different regions of the world becomes better understood, a number of studies have also investigated how the burden of disease (largely in terms of mortality) varies in different climates. A recent modeling study of influenza-associated mortality estimated there werẽ 290,000-645,000 deaths per year. 20 The highest mortality estimates were in sub-Saharan Africa (2.8-16.5 per 100,000 individuals) and southeast Asia (3.5-9.2 per 100,000 individuals). Extremes of age (<5yrs, >65yrs) and residence in a lower-income country also predicted higher mortality.
Similar findings have been observed from individual studies comparing influenza attributable mortality between countries, and between different provinces in China. 21, 22 These studies suggest that differences in the burden of disease from influenza are a result of factors such as population density, the proportion of older adults, and access to healthcare rather than climate. However, a robust consideration of how the seasonal pattern of influenza activity affects morbidity and associated economic burden is lacking.
Population immunity
A diverse range of mechanisms have been proposed to explain how seasonal changes in weather might affect the timing of influenza outbreaks and extinction. These include changes in host behavior, susceptibility to infection (such as relative vitamin D deficiency), viral shedding and viral stability. While all are likely to contribute to seasonality to some extent, compelling evidence has emerged to place the effects of temperature and humidity on infectious aerosols as the most important factor.
The virus stability hypothesis proposes that environmental conditions affect the movement of water between virus and droplet. This affects the duration of virus infectivity in aerosols, by shifting the equilibrium between virus disruption, desiccation or stability. 23 Physio-chemical modeling suggests water movement is closest to equilibrium and thus virus stability maintained in conditions where the air is either cold and dry, or warm and humid. Reflecting this, the timing of the onset of influenza outbreaks in temperate climates correlates most closely with the timing of the winter season decline in absolute humidity (AH). 24 In warmer climates AH also predicts influenza season timing as part of the onset of monsoon or rainy seasons. 25 More recently, the hypothesized U-shaped relationship between absolute humidity, temperature, and influenza transmission has been identified from a global analysis of surveillance and environmental data. 26 In tropical climates, humidity, temperature, and rainfall vary little from month-to-month, so these effects seem unlikely to explain the timing of influenza outbreaks. Contact rates affect the scale of influenza epidemics, but while influenza transmission is reduced by school holidays and increases when people congregate, it is not known whether this might also have an effect on seasonality. 27, 28 Rather than changes in transmission frequency, it may be the importation of antigenically drifted strains by travelers during holiday periods which is more important. Longitudinal sero-epidemiological studies have correlated waves of seasonal influenza activity with population immunity in Singapore and Hong Kong. 29, 30 The balance between antigenic drift in circulating strains and waning immunity following infection and/or vaccination may be the main driver of outbreak timing in the tropics.
If population immunity changes at a similar rate in tropical regions and other climates, this suggests that the year-round influenza activity in tropical Asia is likely to play an important role in global influenza circulation. Initial genetic analysis of influenza A/H3N2 isolated from 2002 to 2007 suggested a sourcesink model, in which new antigenic strains of influenza emerge in east and south-east Asia and then spread globally. This observation was attributed to intra-seasonal persistence of influenza virus in the tropics, with winter in temperate climates forming an ecological trap. Viral extinction at the end of the winter season reduces the probability of newly emerged temperate season strains would spread globally. 31 Over the past two decades, strains of A/ H3N2 isolated in East-Southeast Asia have been more 'antigenically advanced' than strains isolated elsewhere. 32 Analysis of a wider selection of influenza viruses types and subtypes described a more heterogenous pattern of viral emergence. Rather than a single source, influenza can be construed as a series of populations, and travel between these populations ensures the long-term survival of influenza virus in humans. Despite this more nuanced view, new antigenic strains of A/H3N2 have typically emerged in East and Southeast Asia first, with the trunk present here in 87% of cases. 33 In temperate regions, variants of A/H1N1 and B viruses persisted across multiple seasons and exhibited complex global dynamics with Asia playing a less prominent role in disseminating new variants.
Understanding the drivers behind the global evolution of influenza viruses is important both for detectingand possibly predictingthe emergence of new pandemic strains, and for the biannual selection of influenza strains to be included in vaccines for the following Northern and Southern hemisphere winters.
Influenza vaccination strategies in asia
Influenza vaccine uptake within Asia is generally low, and a systematic review focused on Asian countries reported a median uptake of 14.9% among the general population and 37.3% among high-risk groupsfar below the WHO target of 75%. 34 The review uncovered few studies which investigated influenza vaccination knowledge, attitudes and behavior in the Asian context and further study is needed to understand the barriers which need to be overcome to improve uptake.
A specific issue for much of Asia is the duration of protection following vaccination. This has not been well studied in clinical trials, reflecting the relatively short duration of the influenza season in most countries with the resources to study this, and the standard recommendation for annual re-vaccination as strains within the vaccine are frequently updated.
Duration of immunity after vaccination
The hemagglutination-inhibition (HI) titer is an established immune correlate of protection against influenza infection, and has been adopted for licensure of inactivated influenza vaccines. A titer of ≥1:40 correlates with 50% protection against infection, and this threshold is conventionally used to define 'seroprotection' 35 Several studies have documented a surprisingly rapid decline in HI titers following vaccination or infection, though results are mixed.
Investigators performing a trial of inactivated versus live-attenuated influenza in adults aged 18-49 years reported that a two-fold waning of HI titers took >600 days for all influenza strains. 36 On the other hand, an observational study of HI titers following influenza vaccination in 1018 adults conducted in South Korea, reported a significant decline in HI GMTs for all age groups (18--49, 50-65, ≥65) and all influenza types/subtypes. In this study the HI titer 1 year after vaccination was not significantly different to pre-vaccination. 37 Similar results to these were also reported from a sero-epidemiological study of HI persistence following infection with A/H1N1 during the 2009 pandemic: HI titers declined within a year after infection, with the fastest decline (to below a HI titer of 1:40) in adults aged ≥65. 38 Intuitively, increasing age and health burden from comorbidities are expected to reduce the duration of protection after vaccination. Limited data is available to corroborate this, and individual studies can be difficult to compare due to the complex effects of prior immunityparticularly variability in prior vaccination rates. A systematic review and meta-analysis of HI antibody titers up to 360 days after vaccination in adults aged ≥65 described a significant decline in titers 180 days after vaccination, such that by 1 year after vaccination GMTs and the proportion of study participants with a HI titer ≥1:40 was not significantly different to pre-vaccination. 39 Conclusions from this systematic review were limited by the small number of studies which measured HI titers up to 360 days after vaccination, and potential bias from high loss-to-follow-up rates (up to 25%).
Duration of clinical protection
In parallel with these serological studies, observational studies of vaccine effectiveness (VE) have also reported a significantly increased risk of influenza with increasing time since vaccination. Most of these studies have used the test-negative design case-control study design (TND), which has become the standard method for assessing vaccine effectiveness over the past 15 years, and are conducted annually in many countries as part of influenza surveillance programs. 40, 41 In this study design, participants are enrolled when they present with an influenza-like-illness, and prior to virologic confirmation of influenza infection. The odds ratio for confirmed influenza is compared between participants with a history of influenza vaccination, and those without and adjusted for measured confounders such as age, co-morbidities, smoking history. This design is thought to largely overcome problems associated with the 'healthy vaccinee effect'that is differences in health-seeking behavior and the risk of influenza infection between people who receive a vaccine and those who choose not to. Debate continues about analysis methodology and the appropriate selection of controls, however, these design yields estimates of vaccine effectiveness similar to clinical trials. [42] [43] [44] A systematic review and meta-analysis of TND studies described higher vaccine effectiveness for all three influenza types/subtypes in the first 3 months after vaccination (days 15-90) compared with the subsequent 3 months (days 91-180). 8 The majority of studies included in the systematic review were from Europe or the United States. In a 'meta-regression' of included studies, the proportion of older adults in each study did not predict the magnitude of VE decline though most studies were conducted in outpatient facilities, and enrolled relatively small numbers of older adults.
Following publication of this systematic review further studies have also documented intra-season waning of vaccine effectiveness. This includes a TND study of 49,272 individuals in California which enrolled only influenza vaccinated subjects. The odds ratio for influenza infection increased by 16% for each additional 28-days since vaccination, reaching an OR of 2.06 (95% CI 1.69-2.51) more than 154 days after vaccination. 45 A TND study conducted in long-term care facilities in Singapore reported an adjusted VE of 59.3% (95% CI: 18.0-79.8%) against all influenza in the 15-180 days post-vaccination, but no significant VE for 181-365 days after vaccination. 46 While no randomized clinical trials have directly addressed how protection changes with time following vaccination, waning efficacy was reported from a clinical trial of a liveattenuated influenza vaccination in children conducted in Asia, and of inactivated influenza vaccine and LAIV in healthy adults (aged 18-49 years). 47, 48 Taken together, the results of these studies suggest that to maximize VE influenza vaccination should be administered as close as possible to season onset. From a public health point of view, this has raised the concern that delaying vaccination may reduce population vaccine coverage and hence nullify any benefits. 49 A clearer understanding of how VE changes with time since vaccination would help refine models and recommendations. For example, the rate of intra-season VE waning is inconsistent, perhaps reflecting differences in circulating strains or study methodologies. VE might wane linearly to zero effectiveness with time since vaccination; wane toward a threshold; or increase for the first month after vaccination, followed by a decline.
In parts of Asia where influenza seasons occur annually targeting vaccination to within 1-2 months before season onset may be optimal for the protection of vaccinated individuals ( Figure 1 ). However, in tropical Asia where influenza is more unpredictable and occurs throughout the year the implications for vaccine practice are more complicated. The little data available indicates the current standard-dose inactivated influenza vaccine is unlikely to offer year-round protection, and alternative strategies to annual administration would be beneficial.
Vaccines with enhanced immunogenicity
Several alternative influenza vaccines, which aim to improve vaccine efficacy have been developed for older adults in recent years. This includes Fluzone® High-Dose vaccine, with fourtimes the regular amount of HA; adjuvanted vaccines such as FluAd®, which includes MF-59 to form an oil-in-water emulsion; and the cell-culture derived recombinant influenza vaccine Flublok®, which contains three times the regular amount of HA.
While these newer vaccines have been shown to reduce virologically confirmed infections in older adults, it is not known if they will extend the duration of clinical protection. [50] [51] [52] All these vaccines are recommended for older adults by the US Advisory Committee on Immunization Practices (ACIP), but with only modest clinical benefits neither are recommended in preference to the standard inactivated vaccine. 53 Further, despite significantly higher HI titers 21-28 days after vaccination with these new vaccines compared to the standard dose inactivated vaccine, evidence of improved year-round antibody persistence is lacking ( Table 2) . 54 Access to these vaccines is also extremely limited, with none currently routinely available in an Asian country. 55 
Six-monthly vaccination
An alternative strategy to overcoming waning year-round immunity and changes in influenza vaccine strain composition may be to simply vaccinate more regularly.
A few studies have been published over the past 40 years exploring the immune effects of a booster vaccination administered 1-3 months after the first dose in older adults. Overall, these studies found some evidence that the booster was able to 'catch-up' non-responders to the first vaccine administered, but offered limited increases in GMT or the proportion of subjects that were seroprotected. [56] [57] [58] [59] [60] [61] A systematic review in relatively immunocompromised individuals (dialysis and renal transplant) identified no significant improvement in GMTs with a booster vaccination. 62 On the other hand, the TRANSGRIPE 1-2 studies conducted in~500 solid-organ transplant recipients over the 2011-2012 northern hemisphere winter reported significant improvements in the seroprotection rate at 10 weeks for all three influenza subtypes/types in participants who received a booster vaccine. 63 By 1 year after vaccination, GMT and seroprotection rates were not significantly different between the two groups. No difference in influenza infection rates were observed over the course of the studythough only five PCR-confirmed infections were identified.
Of note, this 'prime-boost' influenza vaccination strategy is standard practice for individuals who are (or at least are expected to be) immunologically naïve, for example, in young children (<9yrs) or in the event of an pandemic. 53, 64 Vaccinating older adults tropical Asia every 6-months with the standard-dose influenza vaccine is an attractive alternative strategy to those described above. This has the potential to synchronize vaccination with observed waning immunity/vaccine effectiveness and vaccine strain updates from the WHO. A clinical trial in Singapore randomized 200 older adults to annual versus six-monthly standard-dose influenza vaccination with follow up for 1 year. 65 Participants who received repeat vaccination had significantly HI titers to A/H3N2 and A/H1N1 midway through the year, though titers waned and were not significantly different between groups six months later. Immune response to the vaccine after 6 months were significantly lower than the first dose for all three strains in the vaccine. Vaccine efficacy against confirmed influenza infection was not evaluated, though subjects receiving repeat influenza vaccination reported significantly fewer influenza-likeillness.
Findings were similar in an observational study of sixmonthly vaccination was conducted over 2015 to 2016 in older adults in Hong Kong. 66 This study indicated that individuals who received six-monthly vaccination are likely to have had significantly better protection to all three influenza types/subtypes in the influenza vaccine over the summer. However, HI responses to subsequent re-vaccination were lower in the group who had received a vaccine 6-months earlier. This apparent interference in vaccine response was also observed in measures of cell-mediated immunity, with lower influenza-specific CD4(+) responses in the repeated vaccine group.
The importance of the reduced immune response to repeated vaccination is of uncertain clinical significance. Reduced VE has been reported with sequential years vaccination in a number of observational studies. Over multiple seasons though, protection against influenza infection appears to be better with annual vaccination, rather than vaccinating less frequently and skipping years. If this interference from previous vaccination increases with sixmonthly vaccination, particularly when vaccine strains have been updated, than the benefits from this strategy will be blunted. The cost-effectiveness of this strategy also needs to be clearly elucidated. An five-year study of sixmonthly versus annual influenza vaccination in 400 older adults which began in 2016 in Hong Kong is expected to provide answers to some of these questions. 67 Limitations This is a narrative review of influenza in temperate and tropical Asia and attempts to address this topic more broadly than a systematic review with a focused question is able to. Some studies will have been overlooked or not included for lack of space. The limitations of the FluNet surveillance data are described in more detail abovebut broadly important meta-data which documents how and where surveillance samples were collected is not available.
Conclusion
Seasonal influenza is a common infection in Asia, but an understanding of the epidemiology and burden of disease lags other regions. Alternative vaccination strategies to annual standard dose vaccination can reduce the impact of influenza, particularly in people at the highest risk for complications. The costeffectiveness and practicality of this needs to be demonstrated in different Asian countries across a range of socio-economic conditions and climates. In addition to effectiveness the local barriers to vaccine uptakefrom knowledge and attitude to financial and culturalalso need to be understood. GMT data from day 180-360 from a persistence cohort (~6% subset); e Data at day 180 from personal communication with authors.
